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ABSTRACT 

Nanofibers comprised of polyaniline/polyethylene oxide 
(PANI/PEO) are being developed for novel logic devices. 
We report the electrical conductivity of PANI/PEO 
nano fibers with diameters in the 100 to 200 nm range. We 
measured conductivity values of - 0.3 to 1.0 S/cm, which is 
higher than the values reported for thicker nanofibers, but 
less than the bulk value of PANE The electrical 
measurements were performed by depositing the fibers on 
pre-electroded, oxidized silicon (Si) substrates. The 
excellent adherence of the nanofibers to the Si0 2 as well as 
the gold (Au) electrodes may be useful in the design of 
future devices. 

1 INTRODUCTION 

Novel transistors and logic devices based on 
nanotechnology concepts are under intense development. 
The potential for ultra-low power, high-density circuitry is 
attractive for applications such as digital electronics and 
sensors. For NASA applications, nanotechnology offers 
tremendous opportunities for increased on-board data 
processing and thus autonomous decision-making ability, 
and novel sensors that detect and respond to environmental 
stimulus with little oversight requirements. To date, much 


of the research in nanoscale electronics has focused on 
carbon nanotubes, and great progress has been shown. This 
progress is demonstrated by logic devices that utilize both 
p- and n-type field effect transistors (FET) in a single 
integrated circuit [1, 2]. Furthermore, the robustness and 
sensitivity of carbon nanotube FETs in aqueous 
environments make them highly attractive for biosensing 
applications [3]. 

The early successes of carbon nanotube FETs make us 
optimistic that electronic devices with different 
functionalities can be achieved using different materials. In 
this study we report on our initial studies of nanofibers 
comprised of polyaniline (PANI) and polyethylene oxide 
(PEO). PANI is an interesting material because its 
electrical properties are in a range that is attractive for 
semiconductor devices, it is highly stable, and is sensitive 
to optical and electrochemical processes [4]. Furthermore, 
it can be processed into very long fibers using a simple 
electro spinning process. In this work, the objective is to 
develop semiconducting PANI/PEO nanofibers, where the 
current level is controlled by a gate voltage. 
Accomplishment of these goals would be a basis for the 
future development of self-assembled, nano-sized logic 
devices, and create a foundation for ultra-efficient 
memories and processors. 
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Because of the rapidly evolving nature of this field, 
verification of the feasibility of our proposed technology 
could be expedited by using a simple, low cost, and reliable 
deposition technique, such as electrospinning. 
Electrospinning is well-known, but not widely used 
technique for fabricating nanofibers. However, with the 
recent surge of interest in nanotechnology, new interest in 
electrospinning has attracted attention because it is capable 
of producing nanofibers that are very useful for emerging 
nanotechnology applications. To date, much of the interest 
in electrospinning is centered on the mechanical properties 
of nanofibers that are produced using this method; it is a 
low-cost means of creating fibers with diameters in the 40 
to 2000 nm range, and lengths up to 1 km [5]. Electrospun 
nanofibers are promising for the structural elements of 
nanoscale machines, such as wires, ropes, and fabrics. In 
addition, these nanofibers may provide connections 
between the nanoscale world and macroscale world, since 
the diameters are in the nanometer range and the lengths are 
much larger. 

The electrical conductivity of PANI can be varied from 
10” 10 S/cm to 6000 S/cm, depending on how it’s processed 
[6, 7]. For our applications, we are interested in stabilizing 
the emeraldine salt form, which is semiconducting and has 
a bulk conductivity of ~10 S/cm in air. Prior work has 
demonstrated that nanofibers comprised of doped 
polyaniline and polyethylene oxide, with diameters in the 
450 to 2000 nm range, have conductivities of 
approximately 0.1 S/cm [8, 9]. Understanding the reasons 
for the difference between the bulk and fiber conductivities 
is important if we are to develop charge control devices 
based on these materials. In this study, we report electrical 
conductivity measurements of PANI/PEO nanofibers with 
diameters of 100 to 200 nm. We also demonstrate that 
nanofibers deposited directly onto gold (Au) electrodes 
display ohmic behavior, which may be useful for the future 
development of self-assembled structures. 

2 EXPERIMENTAL 

The nanofibers were fabricated using an electrospinning 
technique, similar to that reported earlier [5, 6]. In this 
technique, a mixture of polymer solutions is placed inside a 
hypodermic syringe or in a glass pipette. Inside the syringe 
is a metal cathode. The anode, upon which the nano fibers 
are to be deposited, is typically located 25 to 30 cm away 
from the cathode. When a sufficiently high voltage is 
applied so as to overcome the surface tension forces of the 
polymer droplet, a jet is formed and the charged polymer 
molecules are accelerated to the target substrate, where they 
form nanofibers. The electrospinning apparatus used in 
these experiments is schematically illustrated in figure 1. 
PANI-based nanofibers are of interest because it may be 
possible to manipulate their electrical conductivities over a 
wide range of values by varying the sloping levels and 
conformations of the polymer chain. 



Figure 1. Basic electrospinning apparatus used to 
prepare PANI/PEO nano fibers. 


Although PEO is an insulator, it acts as a plasticizer and is 
needed in order to form viscous polymer droplets and thus 
is an important ingredient in the formation of the 
nano fibers. 

In this set of experiments, the electrically conductive 
portion of the nano fibers was formed by combining 100 mg 
of PANI with 129 mg of campho sulfonic acid, and 
dissolving in 10 ml of chloroform (CHC1 3 ) for 6 to 8 hours. 
The resulting deep green solution was filtered and 1 0 mg of 
polyethylene oxide (PEO), with a molecular weight of 
900,000, was added to the solution and stirred for an 
additional two hours. Prior to electro spinning, this solution 
was filtered using a 0.45 pm PTFE filter to give a 
homogenous solution. Approximately 1 ml of the solution 
was placed in a B-D® 1 ml26 3/8 hypodermic syringe that 
was mounted a few degrees below horizontal, and the metal 
tip of the needle connected to 8 kV. The fibers were 
collected on an oxidized Si substrate, with Ti (20 nm)/Au 
(400 nm) electrodes already deposited. The oxide was 
thermally grown, and was 300 nm thick. The electrodes 
were spaced 2 to 1 0 microns apart, and the width of the Au 
electrodes was 20 pm. The distance between the tip of the 
hypodermic needle and Si substrate was 30 cm. Our goal 
was to maximize the doped PANI content, and thus the 
conductivity of the fiber, while minimizing the fiber 
diameter. We calculate polyethylene oxide comprised about 
9 weight percent of the composite fiber. 

Electrical resistance measurements were made using a 
Keithley model 6430 Sub-Femtoamp Remote Source 
Meter. Low current measurements were taken using a two- 
contact configuration. So as to minimize measurement 
errors due to the high resistance values (> 1 GQ) of the 
nanofibers, measurements were taken in the source 
voltage/measure current configurations, wherein a series of 
positive and negative voltages is applied to the sample, and 
current is measured [10]. The test apparatus used to 
characterize the electrical behavior of the nanofibers is 
schematically illustrated in figure 2, and a photograph of 
the instrumentation is shown in figure 3. To further 
minimize the possibility of extraneous noise influencing the 
measurement, the samples were enclosed in a Faraday cage. 
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Faraday Cage 



Figure 2. Schematic diagram of test apparatus 
used to characterize electrical properties of 
nan wires. 


50 pm 


Figure 4. Low-magnification scanning electron micrograph 
of polyaniline/polyethylene oxide nanofiber deposited across 
Ti/Au electrodes, on an oxidized Si substrate. Two-terminal 
resistance measurements were made across adjacent 
electrodes. 


Figure 3. Photograph of test apparatus used to 
measure electrical properties of P ANI/PEO 
nanofibers. During measurements, the entire 
apparatus is enclosed by a Faraday cage so as to 
minimize noise. 


For this set of experiments, a series of five positive and 
negative voltages cycles was applied to the nanofibers for 
each voltage, with each voltage being held for one minute. 
At the end of one minute, the current was measured. To 
calculate the current for each bias point, the average of five 
measurements was calculated. 

3 RESULTS AND DISCUSSION 



Figure 5. Scanning electron micrograph of PANI/PEO 
nano fiber. The fiber is approximately 100 nm in diameter, 
makes electrical contact to two gold electrodes, and 
extends across a 10 micron wide, 300 nm thick Si0 2 layer. 
The gold electrodes are 400 nm thick. 


The PANI/PEO nanofibers analyzed in this study 
displayed properties which could be important for future 
logic and active devices. Nano fibers with diameters of 
approximately 1 00 nm, and lengths that routinely exceeded 
300 pm were demonstrated. A low magnification scanning 
electron (SEM) image of one of the nanofibers is shown in 
figure 4. This figure demonstrates that long, high quality, 
and isolated nanofibers were obtained. Furthermore, the 
nanofiber adhered well to both the gold pads and oxidized 
Si surface. This could have significance for the future 


development of self-assembled devices, wherein the 
nanofibers will be expected to attach themselves to selected 
sites using via surface modification or some type of 
electrical bias induced assembly process. 

A more highly magnified image of a nanofiber is shown 
in figure 5. With respect to potential devices, the fact that 
the nanofiber is securely attached to the Si0 2 layer as well 
as the Au electrodes is significant because it opens the 
possibility for self-assembled devices. We believe that the 
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approximately 100 nm, as measured by Atomic Force 
Microscopy. The electrode spacing was 1 0 pm. 


excellent adherence is largely due to the low surface energy 
of polyaniline (70 mN/m) relative to that of Si0 2 or Au 
(300 and 1200 mN/m, respectively), thus making it 
energetically favorable for the nanofiber to adhere to the 
surface[ll]. However, it is also likely that the nano fibers 
are highly charged as they impinge on the surface, which 
may also contribute to the tenacity of the 
nano fiber/substrate bond. 

Electrical current versus applied voltage for a 100 nm 
diameter nano fiber is shown in figure 6. This data shows 
ohmic resistance behavior, indicating the contact resistance 
at the Au/nanofiber interface is negligible compared to the 
nanofiber resistance. The calculated conductivity of this 
fiber was approximately 1 S/cm, which is somewhat higher 
than values previously reported for thicker (450 nm) 
diameter fibers. The observed conductivity value is in a 
range where most materials are semiconducting, which 
opens the possibility that the current will be controllable via 
a gating mechanism, and three-terminal logic devices will 
be forthcoming. 

4 CONCLUSIONS 

We report the electrical conductivity of PANI/PEO 
nano fibers with diameters in the 100 to 200 nm range. We 
measured conductivity values of ~0.3 to 1.0 S/cm, which is 
higher than the values reported for thicker nanofibers, but 
less than the bulk value of PANE The electrical 
measurements were performed by depositing the fibers on 
pre-electroded, oxidized Si substrates. The excellent 
adherence of the nanofibers to the Si0 2 as well as Au 
electrodes may be useful in the design of future devices. 


[1] Ph. Avouris, R. Martel, V. Derycke, and J. 
Appenzeller, “Carbon Nano tube Transistors and Logic 
Circuits,” Physica B 323, p. 6-14 (2002). 

[2] A. Javey, Q. Wang, A. Ural, Y. Li, and H. Dai, 
“Carbon Nano tube Transistor Arrays for Multistage 
Complementary Logic and Ring Oscillators,” Nano Letters 
2, p. 929-932 (2002). 

[3] S. Rosenblatt, Y. Yaish, J. Park, J. Gore, V. 
Sazonova, and P. McEuen, “High Performance Electrolyte 
Gated Carbon Nanotube Transistors,” Nano Letters 2, 869- 
872 (2002). 

[4] N. Sarkar, M.K. Ram, A. Sarkar, R. Narizzano, S. 
Paddeu, and C. Nicolini, “Nanoassemblies of Sulfonated 
Polyaniline Multilayers,” Nanotechnology 1J_, p. 30-36 
( 2000 ). 

[5] D.H. Reneker and I. Chun, “Nanometre Diameter 
Fibres of Polymer, Produced by Electrospinning,” 
Nanotechnology 7, p. 216-223 (1996). 

[6] M. Campos and B. Bello, “Mechanism of 
Conduction in Doped Polyaniline,” J. Phys. D: Appl. Phys. 
30, p. 1531-1535 (1997). 

[7] P.N. Adams, P.J. Laughlin and A.P. Monkman, “A 
Further Step Towards Stable Organic Metals. Oriented 
Films of Polyaniline with High Electrical Conductivity and 
Anisotropy,” Solid State Communications 91, p. 875-878 
(1994). 

[8] I.D. Norris, M.M. Shaker, F.K. Ko, and A.G. 

MacDiarmid, “Electrostatic Fabrication of Ultrafme 
Conducting Fibers: Polyaniline/Polyethylene Oxide 

Blends,” Synthetic Metals 114 , p. 109-1 14 (2000). 

[9] A.G. MacDiarmid, W.E. Jones, I.D. Norris, J. Gao, 
A.T. Johnson, N.J. Pinto, H. Hone, B. Han, F.K. Ko, H. 
Okuzaki, and M. Llaguno, “Electrostatically Generated 
Nanofibers of Electronic Polymers,” Synthetic Metals 119 , 
p. 27-30(2001). 

[10] Keithley Application Note 312, “High Resistance 
Measurements” (Keithley Instruments, Cleveland, OH, 
2001 ). 

[11] B. Wessling, “Conductive Polymers as Organic 

Nanometals” in Handbook of Nano structured Materials and 
Nanotechnology , edited by H.S. Nalwa Volume 5: 

Organics, Polymers, and Biological Materials (Academic 
Press, 2000). 


NASA/TM — 2002-2 12016 


4 



REPORT DOCUMENTATION PAGE 

Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 

1. AGENCY USE ONLY ( Leave blank) 

2. REPORT DATE 

December 2002 

3. REPORT TYPE AND DATES COVERED 

Technical Memorandum 

4. TITLE AND SUBTITLE 

5. FUNDING NUMBERS 


Electrical Characterization of Poly aniline/Poly ethylene Oxide Nanofibers for 
Field Effect Transistors 


6. AUTHOR(S) 

Carl H. Mueller, Noulie Theofylaktos, Nicholas J. Pinto, Daryl C. Robinson, and 
Felix A. Miranda 


WB S-22-27 4-00-0205 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
John H. Glenn Research Center at Lewis Field 
Cleveland, Ohio 44135-3191 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 


E- 13707 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 


10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 


NASA TM— 2002-212016 


11. SUPPLEMENTARY NOTES 

Prepared for the 2003 Nanotechnology Conference and Trade Show sponsored by the Nanoscience & Technology 
Institute, San Francisco, California, February 23-27, 2003. Carl H. Mueller, Analex Corporation, Brook Park, Ohio 
44142; Noulie Theofylaktos, Daryl C. Robinson, and Felix A. Miranda, NASA Glenn Research Center; Nicholas J. Pinto, 
University of Puerto Rico, Humacao, Puerto Rico 00791. Responsible person, Felix A. Miranda, organization code 5640, 
216^133-6589. 


12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Unclassified - Unlimited 
Subject Categories: 17 and 35 

Available electronically at http://gltrs.grc.nasa.gov 

This publication is available from the NASA Center for AeroSpace Information, 301-621-0390. 


Distribution: Nonstandard 


12b. DISTRIBUTION CODE 


1 3. ABSTRACT (Maximum 200 words) 

Nanofibers comprised of polyaniline/polyethylene oxide (PANI/PEO) are being developed for novel logic devices. We 
report the electrical conductivity of PANI/PEO nanofibers with diameters in the 100 to 200 nm range. We measured 
conductivity values of ~0.3 to 1.0 S/cm, which is higher than the values reported for thicker nanofibers, but less than the 
bulk value of PANI. The electrical measurements were performed by depositing the fibers on pre-electroded, oxidized 
silicon (Si) substrates. The excellent adherence of the nanofibers to the Si0 2 as well as the gold (Au) electrodes may be 
useful in the design of future devices. 


14. SUBJECT TERMS 

Polyaniline; Nanofiber; Electrical; Conductivity; Transistors 


15. NUMBER OF PAGES 

10 


16. PRICE CODE 


17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 


18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 


20. LIMITATION OF ABSTRACT 


NSN 7540-01-280-5500 


Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 


